A pronounced memory effect has been observed in cadmium telluride quantum dots ͑CdTe-QDs͒ doped ferroelectric liquid crystals ͑FLCs͒ by using dielectric and electro-optical methods. The memory effect has been attributed to the charge storage on the CdTe-QDs upon the application of dc bias across the sample cell. The FLC molecules remain in the switched state in vicinity of the charge stored on QDs even after removal of bias. It has been observed that the memory effect depends on doping concentrations of CdTe-QDs and the FLC material used.
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Ferroelectric liquid crystals ͑FLCs͒ have been employed in various promising applications, such as flat panel displays, spatial light modulators, optical antennas, etc., due to their important characteristic features such as good optical contrast, fast response, low threshold voltage, and memory effect. The metal nanoparticles ͑NPs͒ have been doped into liquid crystals ͑LCs͒ to observe various interesting phenomena, such as nonvolatile memory effect, 1 enhanced photoluminescence, 2 enhanced electrical conductivity, 3 and induced LC alignments. 4 The doping of NPs has improved the electro-optical properties such as good contrast and low power operation of LC based display devices. 5, 6 The semiconducting quantum dots ͑QDs͒ have attracted a great deal of interest in the scientific community for their promising applications such as next generation photonic devices, QD displays, and biomedical imaging. [7] [8] [9] [10] Apart from them, various studies have been carried out by researchers for utilizing the QDs in the realization of nonvolatile memory devices. Nassiopoulou et al. 11 have observed a large shift in the capacitance-voltage ͑C-V͒ hysteresis of the metal-oxidesemiconductor ͑MOS͒ structures containing germanium QDs. The memory effect has been observed in a MOS structure containing zirconium ͑Zr͒ nanocrystals embedded in ZrO 2 dielectric layer by Lee et al. 12 The high frequency C-V characteristics of the structures with silicon NPs have shown hysteresis indicating the charging of NPs with electrons/ holes due to charge carrier tunneling from the substrate through the thin oxide at positive/negative biases. 13 Charge retention properties of QDs have been studied 14, 15 and found that the charge carriers stored on QDs could persist over time scales exceeding seconds or even hours. 16 On the other hand, the anisotropic ordering of LCs can impart order onto the nanosized guest particles and hence researchers have utilized this property to organize QDs in the form of their self-assembly. 17 Hirst et al. 18 studied the mechanism to organize QDs by using anisotropic LC medium and explored the possibility for the fabrication of multifunctional switchable devices. However, the effect of QDs on the properties of LC materials is rarely reported. The understanding of the interaction between QDs and LCs is a challenging area of research for its utilization to achieve controlled self-assembly of QDs and improved electro-optical characteristics of LCs.
In this paper, we observed the effect of cadmium telluride ͑CdTe͒-QDs on the electro-optical properties of FLCs. It has been observed that the doping of CdTe-QDs in various FLC materials favors pronounced memory effect. The observed memory state does not come back to its original ͑un-switched͒ state instantaneously but it retains in that state for a remarkable time. We also observed that retention of memory state depends on the doping concentration of QDs and FLC materials.
The CdTe-QDs have been synthesized in the form of P3HT ͑Poly-3͑hexylthiophene͒͒-CdTe nanocomposites. The P3HT polymer is used for capping to prevent the agglomeration of QDs. The high resolution transmission electron microscopy ͑HRTEM͒ images and electron diffraction pattern of the synthesized P3HT-CdTe nanocomposites have been shown in Fig. 1 . Highly resolved HRTEM image has also been given in the inset of Fig. 1͑a͒ . The typical size of CdTeQDs varies between 2-7 nm in diameter. The sample cells for the present study were prepared using indium tin oxide coated glass plates. The desired ͑squared͒ electrode area was 0.45ϫ 0.45 cm 2 . The thickness of the cell was maintained by using ϳ4 m thick Mylar spacers. The FLC materials a͒ Author to whom correspondence should be addressed. Electronic mail: abiradar@mail.nplindia.ernet.in. ͑pure and CdTe-QDs doped͒ were filled into these cells by capillary action above their respective isotropic temperatures. The homogeneous alignment of FLC cells has been achieved by using rubbed polyimide technique. The phase sequences of FLC materials used are as follows:
The dielectric measurements of pure and CdTe-QDs doped FLC materials were performed using an impedance analyzer ͑Wayne Kerr, 6540A, U.K. ͒ in the frequency range 20 Hz-1 MHz with measuring voltage of 0.5 V. The optical micrographs were taken using polarizing optical microscope ͑Carl Zeiss, Germany͒. Figure 2 shows the optical micrographs of bright and dark states of pure and ϳ4 wt % CdTe-QDs doped FLC ͑LAHS19͒. It can be seen clearly from Fig. 2 , that the doping of CdTe-QDs does not perturb the alignment of LAHS19 material remarkably. However, the presence of CdTe-QDs in the material can be clearly seen in the form of light scattering centers in the dark state of CdTe-QDs doped LAHS19 ͓Fig. 2͑d͔͒. It is found that the dispersion of spherical particles such as cadmium sulphide QDs into the LCs typically introduce random surfaces that can disrupt the uniform LC alignment. 17 It has also been observed that the presence of large colloidal particles in LCs is usually associated with a defect in the texture. 18 The memory effect in CdTe-QDs doped various FLC material has been observed using dielectric measurements. Figure 3 shows the behavior of dielectric permittivity ͑Ј͒ with frequency at different dc biases of CdTe-QDs doped FLCs. The behavior of memory in pure FLC materials has been shown in insets of figures. All FLC materials used exhibit SmC ‫ء‬ phase at room temperature. In SmC ‫ء‬ phase, the FLC molecules are arranged in a helicoidal manner and show higher value of Ј due to the contribution of Goldstone mode ͑GM͒ which occurs due to phase fluctuation of FLC director. The application of sufficient bias across the cell suppresses the GM contribution ͑due to unwinding of helicoidal structure͒ and results in the lower and static value of Ј. On the removal of bias, FLC molecules attain their helicoidal structure again due to restoring forces and Ј reaches its original value. If somehow, FLC molecules retain their switched state ͑unwound state͒ even after removal of bias then it means the material exhibits memory. Figure 3͑a͒ shows the occurrence of dielectric memory in CdTe-QDs doped LAHS19 material. It can be seen clearly from figure that the switched state has been retained for CdTe-QDs doped LAHS19 even after removal of bias whereas it restored its original state instantaneously in case of pure LAHS19 ͓inset of Fig. 3͑a͔͒ . Similarly, Figs. 3͑b͒-3͑d͒ depict the occurrence of dielectric memory in CdTe-QDs doped LAHS18, FLC6304, and KCFLC 7S materials, respectively. It is evident from Figs. 3͑b͒-3͑d͒ that all FLC materials show dielectric memory by doping CdTe-QDs whereas pure counterparts do not show the same as can be seen from the insets ͓of Figs. 3͑b͒ and 3͑d͔͒ . The memory effect in pure FLC 6304 has been studied and found that it does not show memory effect by dielectric measurements.
1 It has been demonstrated earlier that surface stabilization ͑SS͒ leads to the bistability and memory effect in FLCs. 19 To exclude the possibility of SS, we used either DHFLC material ͑which have ultrashort pitch͒ or FLC material keeping cell thickness greater than pitch value. This means that by doping CdTeQDs in the conventional FLCs, one can get a memory state even in the thicker non-SS FLC geometries ͓Fig. 3͑d͔͒.
It has been observed that the dielectric memory persisted over time scales exceeding minutes. The value of Ј CdTeQDs doped LAHS19 material does not reach its original ͑0 V͒ value instantaneously but takes some remarkable time. The value of Ј after 4 min was found almost 50% of its original value indicating that almost half of the FLC molecules were still in switched state even after 4 min of removal of bias. The retention of memory state for other FLCs/ CdTe-QDs composites has also been observed. It has been found that the retention of memory state follows the same trend in case of FLCs/CdTe-QDs as CdTe-QDs doped LAHS19. However, the retention time is found to be dependent on the concentration of CdTe-QDs and the FLC materials used. The occurrence of memory effect can be understood by taking the interaction of FLC molecules with CdTe-QDs into account. The operation of a memory device in a junctionlike CdS nanocomposites/conducting polymer poly͓2-methoxy-5-͑2-ethylhexyloxy͒-1,4-phenylene-vinylene͔ heterostructure embedded in polyvinyl alcohol ͑PVA͒ matrix has been demonstrated by studying C-V characteristics, and attributed this memory behavior to the trapping, storage, and emission of holes in the CdS nanoneedles embedded in PVA matrix. 20 The phenomena such as QD memory 21 and electrical bistability 22 in CdSe-QDs based devices due to their charge trapping and storage characteristics have also been demonstrated. The CdTe-QDs used for this study have been grown in situ in the matrix of conducting polymer P3HT, i.e., the CdTe-QDs are capped with P3HT. The applications of dc bias across the CdTe-QDs doped FLCs sample cells induce charge transfer from FLC molecules to CdTe-QDs. The P3HT is a conducting polymer and hence it provided a low resistive path to the charges in reaching toward CdTe-QDs. The charge stored on CdTe-QDs can retain for several minutes and hence it does not remove instantaneously after removal of bias. The FLC molecules nearby these CdTe-QDs retain their switched state in the effect of charge stored on the CdTe-QDs which has been resulted in the form of pronounced dielectric memory. It is found that the charge stored on the CdTe-QDs has been released in a slower fashion and taken upto 5 min duration to discharge completely in case of ϳ4 wt % CdTe-QDs doped LAHS19 material. Moreover, the charge retention time on CdTe-QDs is found to depend on the FLC material used. The maximum charge retention time of ϳ10 min has been observed in case of ϳ4 wt % CdTe-QDs doped LAHS18 material which has slightly different composition than that of LAHS19 whereas in case of KCFLC 7S/CdTe-QDs composite, Ј reached its original value ͑0 V state͒ in comparatively shorter duration ͑ϳ1 min͒. However, to understand the exact nature of interactions between FLC molecules and QDs in achieving improved electro-optical properties of FLCs are still a challenging task to be investigated.
A pronounced memory effect in FLCs/CdTe-QDs composites has been observed. The observed memory effect has been attributed to conducting polymer mediated charge transfer from FLC molecules to CdTe-QDs. It is found that the stored charges on CdTe-QDs do not remove instantaneously after removal of bias but they take several minutes to discharge completely. The retention of memory state is found to be dependent on the concentration of CdTe-QDs and the FLC material used.
